Trends with spawning time in the ovarian weight of the Baltic herring (Clupea harengus membras) were studied from samples collected over the spawning season in 1988-1991, 1997 and 1998 in the Archipelago Sea, northern Baltic. Usually, ovarian weight was related to the size composition of the spawning shoals but there was also variation unrelated with female length. In the latter cases, ovarian weight first decreased in the beginning of the spawning season with decreasing fish length but it then increased again in the middle of the season, irrespective of length. In such years, the piecewise regression analysis suggested a breakpoint for the ovarian weight between the dates 14 June and 30 June. At the later part of the spawning season, ovarian weight was associated with temperature conditions and onset of zooplankton production, which suggests that environmental factors modify the reproductive properties of the herring in the Baltic Sea.
Introduction
The Baltic herring (Clupea harengus membras L.) is usually divided into spring and autumn-spawners, according to the convention adopted for Atlantic herring (Clupea harengus harengus L.). The genetical status of the two spawning groups has been debated for several years (Aneer, 1985; Smith and Jamieson, 1986; Bradford and Stephenson, 1992) , but undisputedly they have characteristic reproductive patterns. For instance, the autumn-spawners have higher fecundity than the springspawners (Anokhina, 1971; Bailey and Almatar, 1989) and their eggs are smaller (e.g. Blaxter, 1985) .
In the northern Baltic Sea, herring spawning starts in April-May and continues to the end of July or even to August (Rajasilta et al., 1993) . During this period, herring shoals arrive at their spawning grounds in the innermost archipelago (Figure 1 ), where they make successive use of the same spawning beds (Rajasilta et al., 1993) . Because spawning continues from spring to early autumn, the division into spring-and autumnspawners by any measurable characteristics is difficult.
On the other hand, this spawning pattern offers a good opportunity to investigate the seasonal aspects in herring reproductive characteristics: fish share the same spawning grounds and differ only in the spawning time.
In earlier studies we have shown that male gonad size decreases with the progress of the spawning season in the Archipelago Sea (Rajasilta et al., 1997) . In females of the same population, no differences were found in the egg weight or fecundity between the main spawning months May, June and July (Laine and Rajasilta, 1998) . On an annual basis, there is a relationship between fecundity and temperature conditions in spring preceding the spawning time. Laine et al. (1998) found that low temperature in March is followed by high fecundity in the May spawners of that year and vice versa.
Several studies indicate that herring reproductive traits are influenced by the feeding conditions which precede spawning. The amount of food available for herring females can influence the timing of reproduction (Aneer, 1985; Rajasilta, 1992) but it may also affect fecundity (Hay et al., 1988) . Bradford and Iles (1992) show that herring females getting energy for gonadal development directly from food produce a higher number of eggs than those which draw on stored energy.
We have investigated the ovarian weight in the Archipelago Sea herring by seasonal samplings in six years. Our aim was to find out if there are any trends in the ovarian weight during the spawning season and if so, determine whether they could be explained by the temperature conditions and availability of food in the northern Baltic Sea.
Materials and methods
Fish were collected from commercial trap nets which are used for catching herring on the spawning grounds in the Archipelago Sea (Figure 1 ; for the description of the study area, see Rajasilta et al., 1993) . Sampling was started in the beginning of the spawning season in the years 1988-1991 and 1997-1998 and continued until spawning was mostly over (Table 1 ). Random samples consisting of 100-150 fish were taken from the trap nets and brought into the laboratory where they were measured for total length (mm) and weighed to the nearest 0.1 g (fresh wt). Sex and developmental stage of gonads were determined (stages: 3-4=developing; 5=gravid; 6=spawning (no substantial loss of eggs observed); 7=spawning/spent (loss of eggs observable); 8=spent) and gonads were weighed to the nearest 0.01 g (fresh wt). Only gravid and spawning females (stages 5 and 6) were included in the statistical analyses. In most cases, the sample means are based on more than ten females (Table 1) . As shown by earlier studies, the spawning shoals of the herring consist of several age classes in the study area (Rajasilta et al., 1993) . Fish age was determined from the otoliths in 1988-1991 (means of the samples are shown in the figures below), but as the correlation between fish age and length was highly significant in all samples (n of samples=42; n of fish=1669; Spearman rank correlation test; SYSTAT; SPPS Inc., 1996) , only fish length was included in the statistical analyses.
The plankton samples were collected (for the sampling location see Figure 1 ) between May and July with a tube sampler (height 1 m, volume 6.4 litres) at 0-10 m depth in 1988, 1989 and 1990 . Three replicate samples were taken at each 1 m interval and concentrated with a plankton net (mesh size 50 m) into a single combined sample representing the water column. The samples were preserved in 4-5% formalin solution (pH 7) and analysed in the laboratory with a plankton microscope. Zooplankton organisms were identified to species level but as crustaceans (cladocerans and copepod adults and copepodid stages) are the main prey of the herring (Aneer, 1985; Flinkman et al., 1992) , we analysed only these groups. Statistics on ice conditions in the northern Baltic Sea were provided by the Finnish Institute of Marine Research (FIMR; Figure 2 ). Maximum extent of permanent ice cover (km 2 ) is a measure of temperature conditions in winter and this was used to represent the severity of winters in the Baltic Sea [years 1988 -1990 : Seinä (1994 1991 : Seinä et al. (1996 1997 and 1998: unpublished statistics of FIMR] . Sea surface temperature in the study area is recorded daily (Figure 2 ) by the Archipelago Research Institute. Using these records, the sum of daily temperatures [TSum ( C)] was calculated in order to describe the temperature conditions during the spawning season.
Statistical analyses
The seasonal trends in female length and ovarian fresh weight were analysed with a piecewise regression model (STATISTICA; StatSoft Inc., 1997) after the data were pre-examined visually from a scatterplot. Regressions between the variable studied (sample mean of stage 5-6 females) and spawning date (day-of-the-year (DOY; day 1=15 April) were calculated for each year using the following model:
where B 0 is the intercept and B 1 the slope of the first section, B 2 is the difference in slope between the first and second sections, and Breakpnt is the calculated breakpoint between the two sections. If no breakpoints were found, a simple linear regression was calculated for the variables. The fits of the models were evaluated from the distribution of the residuals. Before the analysis, the data were examined for outliers by plotting the cases for which the absolute standard residual test value was greater than three. According to the residuals, one sample in 1990 was an outlier regarding both mean length and ovarian weight, and in 1991 one sample was an outlier regarding the mean length. The outlier values came from shoals consisting of small-sized young fish but as such shoals are rare in the annual data they were excluded from the analysis. Spearman correlation coefficient (r S ) were used when determining the relationship between winter conditions and temperatures of April (SYSTAT; SPPS Inc., 1996) .
Results
The analysis of sample means showed no changes in female lengths during the spawning season in 1988 , 1989 , 1997 Table 2 ). In all years studied, no breakpoints were found in the length data but linear regressions were derived for this variable in 1990 and 1991 (Table 2) . In these years, the mean lengths decreased from the beginning of the spawning season to the end of it, showing that the first spawning shoals contained more large fish than the later ones.
In the ovarian weights, the model suggested a breakpoint at DOYs 61-74 in 1988-1990 (14-27 June; Table  3 ). In these years, ovarian weight decreased between the start of the spawning season and the date of the breakpoint, then increased again towards the end of the season. In 1990 the decrease of ovarian weight followed the trend in female length in the first section of the spawning season but the increase after the breakpoint date (DOY 74) suggested a phenomenon similar to that found in the previous study years. The piecewise regression model explained 62-75% of the variation in ovarian weights in [1988] [1989] [1990] . In 1991, ovarian weight decreased linearily towards the end of the season and no breakpoint date was discovered. Spawning date explained 52% of the variation in the ovarian weight in that year (Table 2 ). In 1997 and 1998, spawning shoals were equal with respect to fish length and ovarian weight over the 1988-1991 and 1997-1998 , --=1988; =1989; -· -·=1990; =1991; ----=1997; --=1998; and (b) total area (km 2 ) of the permanent ice cover in the Baltic Sea in 1986-1998 according to Seinä (1994) , Seinä et al. (1996) whole spawning season. The piecewise regression model suggested a breakpoint at DOY 72 in 1998 but as this result was based on one sample only (at DOY 106), the variation explained by the model was low (13.5%).
Temperature conditions during the spawning season varied considerably among the study years (Figure 4) . The sum of daily temperatures [TSum ( C)] in April was negatively correlated with the total area of permanent ice cover in the Baltic Sea, indicating that after a severe winter, the temperatures in April were low and vice versa (r S = 0.900; p<0.001; n=13). However, the weather conditions later in May and June changed the situation in some years so that the total sum of temperatures during the spawning season was high despite a cold April. In our data, herring spawning seasons were classified into warm and cold ones, according to the total sum of daily temperatures between 1 April and 30 June. In 1988 , 1989 and 1990 the spawning seasons were warm (TSum=840-930 C; Figure 4 ) but clearly colder in 1991 , 1997 . Plankton samples from years 1988, 1989 and 1990 suggest that the onset of zooplankton production was dependent on the sum of daily temperatures in April ( Figure 5 ). In cladocerans (mainly Bosmina corregoni maritima and Podon polyphemoides), low April temperatures postponed the start of production by 2-3 weeks. After a warm April in 1990, production started at the end of May (at DOYs 40-50) but later after a cold April in 1988 (at DOYs 60-70). A similar shift took place in copepods which were dominated by the species Acartia bifilosa and Eurytemora affinis. The abundance of crustacean zooplankton was apparently higher after a warm spring (1990) than after a colder one (1988) during the main spawning season. Discussion Aneer (1985) made a critical evaluation of the status of spring and autumn-spawners in the Baltic Sea. He argued that feeding conditions prior to spawning determine whether fish spawn in spring or in autumn. Fish that have accumulated all the energy needed for the growth and maturation of gonads before overwintering spawn in the following spring, but those that have not continue to supplement their energy reserves during spring and summer. These fish mature later and thus also spawn later. Obviously, individual herrings may change their spawning time according to the energy reserves (Anokhina, 1971; Rajasilta, 1992) but as the herring spawning pattern seems to be relatively constant in the Baltic Sea at the time-span of several years (Aneer, 1985) , this phenomenon is of minor importance at annual level. Evidently, the reproductive properties of the herring cannot be considered without taking into account the production cycle of the Baltic Sea and timing of herring spawning in this environment. In the Northwest Atlantic (Minas Basin), Bradford and Iles (1992) found an unusual population of springspawners which have higher fecundity than is usual in spring-spawning herring and whose fecundity was similar to that of the autumn-spawners of the same area. As suggested by Bradford and Iles (1992) , the reason for the observed difference was that Minas Basin springspawners were feeding at the time of gonadal development. This is exceptional, as the spring-spawners usually reproduce using the energy collected during the previous feeding period and stored in body tissues as lipids before overwintering.
The main spawning months of the Archipelago Sea herring are May and June, although there is still some spawning in July and August (Rajasilta et al., 1993) . The spawning shoals are mixtures of different sized fish (13-25 cm; Rajasilta, 1992) but the proportion of large fish in a shoal varies. In our samples collected in 1988, 1989, 1997 and 1998 , the mean length was constant over the season, whereas the samples of the years 1990 and 1991 showed that there were more large fish in the first spawning shoals than in the later ones. Although sorting of fish by size occurs in some years the reason is unknown.
Herring samples taken at the end of the feeding period (December 1988) in the Archipelago Sea showed that large herrings (19-20 cm) had a higher fat content than small ones (14-15 cm) although all were preparing for spawning (Rajasilta, 1992) . Large fish thus seem to be more efficient in collecting energy than the small ones and, consequently, they have better chances for early maturation due to larger energy reserves and lower metabolic costs (Ware, 1975) during overwintering. This could result in a higher number of large fish in early spawning shoals which explains the decreasing trend of length (and ovarian weight) during the spawning season in some years. Interannual differences in the length pattern, in turn, may be due to differences in the feeding conditions preceding the spawning period.
In 1988, 1989 and 1990 , the piecewise regression analysis suggested breakpoints for the ovarian weight between 14 June and 30 June (DOYs 61-74; Table 3 ). After a continuous decrease from the start of the spawning season to this time, ovarian weights increased again and reached approximately the level found in the beginning of the spawning season. The phenomenon was especially clear in 1990, when the sampling frequency was high and samples were obtained over a long spawning period (27 April-1 August). In that year, the increase of ovarian weight took place despite the opposite trend in female length.
A common feature for the years 1988, 1989 and 1990 was that the spawning seasons were all warm, having a high sum of daily temperatures in April-end of June (TSum>800 C). In the colder seasons (TSum between 400-600 C), no breakpoint dates could be found in the ovarian weight but they either decreased towards the end of the season (1991) or showed no change (1997 and 1998) . Although the results of the analysis should be interpreted carefully, especially in those cases when the number of samples after the breakpoint dates was small, they support the earlier studies on the role of environmental factors in herring reproductive traits (Aneer, 1985; Bradford and Iles, 1992; Rajasilta, 1992) .
The production of crustacean zooplankton in the Archipelago Sea normally starts in May/June and reaches maximum values in August (Viitasalo, 1992) . However, the timing of annual peaks of the most abundant species (Bosmina longispina maritima, Podon polyphemoides and Eurytemora affinis) varies from yearto-year according to the variation in the surface water temperature (Viitasalo et al., 1995) . Our zooplankton samples suggest that the timing of production is dependent on the water temperature in April which in turn is determined by the temperature conditions of the previous winter ( Figure 5 ).
The breakpoint date in the ovarian weights in 1988-1990 corresponded generally with the onset of zooplankton production. This could indicate a situation where the energy taken from food was directly allocated to the growth and maturation of the ovaries. Unfortunately, zooplankton samples were not taken in 1991, 1997 and 1998 when herring spawning seasons were cold but our results and other data (Viitasalo et al., 1995) suggest that the onset of zooplankton production was postponed in those years. Poor availability of food in mid-June could be the reason why the ovarian weights did not increase towards the end of the season. Low temperature also slows down the metabolic rates of fish which further delays the utilization of energy obtained by direct food intake.
Because herring ovarian weight corresponds well with egg number in our study area (Laine, 1998) , ovarian weight also describes the trends in fecundity during the spawning season (Figure 6 ). However, as the relationship between fecundity and ovarian weight has not been determined for the latest spawners, i.e. for fish spawning at the end of July and onwards, egg number can be reliably estimated from ovarian weights only for the main spawning period (i.e. from May to mid-July). Due to decrease of egg size during the spawning season (Blaxter, 1985; Rajasilta et al., 1993) , fecundity is obviously higher in August than in May (Figure 6 ).
It seems that the patterns of ovarian weight in our study area could be explained by the timing of feeding and maturation cycles during a year. The early spawners reproduce by stored energy whilst the later spawners use both stored energy and direct food intake, the share of the latter increasing the further the spawning season proceeds. In this way, the periods of gonadal growth and feeding either overlap (late spawners) or they do not (early spawners) whilst the rest of the herring population lies between these two extremes.
Although our results can be explained by the temperature conditions and availability of food in the herring spawning season, it is evident that more samples from different years are needed to confirm the explanation given. The analyses made with sample means describe the ovarian pattern at a general level only but our earlier studies show that there is a high variation in the herring population at individual level (Rajasilta, 1992) . The basis of this variation cannot be understood without genetic studies. Yet, our results indicate that when collecting the samples for monitoring purposes, for example, in any herring population, the seasonal differences in ovarian mass and fecundity should be taken into account. Duration of the spawning time is a variable feature in the herring (Winters and Wheeler, 1997) and if the spawning period is long enough, seasonal differences are expected. 
